stock consisted of the filtered, cell-free lysate of TI, incubated 24 hours with E. coli in a chemically defined medium, adjusted to pH 6.8, and consisting of the following chemicals per liter: N-I-14CI, 1.0 gm.; MgSO4, 0.I gm.; KH2P04, 1.5 gin.; Na¢HPO4, 3.5 gm.; lactic acid, 9.0 gm.
Unless otherwise indicated, this stock, consisting of 2 × I0 s particles per ml., was used in all experiments, and was diluted 1:100 in the various solutions, giving working stocks of 2 X 106 particles per ml. for both irradiated samples and controls. In the tests conducted, no discernible effects could be attributed to the chemical composition of the original lysate which had been diluted 100-fold during experimental treatment. Water doubly distilled in pyrex glass was used in all solutions and media. Checks of all crucial points were made with six lots of c. P. (NI-h)2SO4,1 in order to detect, in so far as possible, whether any particular chemical contained either protective or harmful ingredients. One lot of (NH4)2SO4 exerted a deleterious influence of unknown cause on virus survival when irradiated. This lot was discarded and the results are not included.
All operations were carried out at room temperature, 23°C. All plates were incubated at 37°C. The data included in this report are based on 443,500 plaques, distributed over 2210 Petri plates. Chemical solutions were made anew for each experiment and agitated for I hour on a mechanical stirrer in order to bring them into equilibrium with oxygen at room temperature, since the effect of varying oxygen content was found to be considerable.
Irradiat~m.--The x-ray tube with tungsten target was operated at I00 kv. and 8 ma. with a i ram. Be window serving as the only filtration. Samples of I ml., each dispensed in open, fiat-bottom vials, 2.7 cm. in diameter, were exposed to the x-ray beam at a distance of 6.7 cm. from the target, 12,500 roentgens per minute were delivered at the center of the irradiated suspension; the suspension was 1.8 ram. deep.
The problem of assessing the amount of energy actually absorbed in the various solutions is complicated by the increased filtration of the x-ray beam by the (NI-14)~SO4 and by the range of the x-rays in the various solutions. In order to test this point, layers of distilled water and layers of saturated (NH4)~SO4 were interposed between the x-ray beam and the roentgen meter. The depth of these layers was 1.8, 3.6, 7.2, and 10.8 ram. These correspond to layers I, 2, 4, and 6 times the depth of the irradiated phage medium. The ratios of the doses delivered through water to those delivered through a saturated solution of (NI-L)2SO4 are 1.075, 1.176, 1.324, and 1.470 for the layers just noted. This means that the filtration is negligible for a layer of solution identical in depth to that used in the experiments, but becomes considerable as the layers increase in depth and exceed the range of the softer x-rays. It was for this reason, in fact, that the irradiated phage suspensions were kept as shallow as possible. It should be noted, however, that in so far as there is greater absorption of energy with added (NI-~2SO4, the results take on even greater significance. In other words, the aqueous medium containing the phage and (NH4)2SO4 absorbs more energy than the medium containing phage only; since the irradiation i Manufactured by Fisher Scientific Company, J. T. Baker Chemical Company, and Mallinckrodt Chemical Works. effect is chiefly indirect, the medium containing (NH4)2SOa should give an over-all lower survival if there were no other factor operating. The protective effect of the (NH4)2SO4 is, therefore, as great as, or greater than, that reported. It should be noted furthermore that the effects here reported are of the order of 2000-fold protection rather than of the order of the fractional ratios with which one deals in determining differences in energy absorbed.
In order to prevent postirradiation effects, which are very pronounced in dilute salt solutions, nutrient broth, 3 × 10 -2 concentration, was added within 15 seconds after termination of irradiation. The diluting and plating processes followed immediately.
Filter Paper Adsorption Analysis.--Filter paper adsorption analyses were used previously by Tiselius, Leyon, and others (8, 9) and were employed in this work to elucidate the salting out phenomenon. For this purpose, Whatman No. 1 filter paper was cut into strips 1 cm. × 18 cm. The strips were marked in 1 cm. ~ sections and suspended in stoppered tubes as shown in Fig. 1 . The pin through the plastic stopper supported the paper and permitted the lowering of the strip into the solution to a heavy line denoting the meniscus, just 1 cm. below section 1. A stainless steel clip assured immediate submergence and an even tension on the strip, while the angular edges of the clip caused the paper to hang centrally, and thus prevented capillary action by contact of test tube and edges of the paper. The strips were allowed to stand in the salt solutions for 110 minutes. At the end of this period, the filter paper was cut into squares, beginning with section 1 just 1 cm. above the meniscus. The scissors used for cutting had been sterilized by an alcohol dip, after which the alcohol was burned off in a flame. As the squares were cut, they were dropped into test tubes containing 10 ml. of 8 X 10 -3 nutrient broth, allowed to stand 10 minutes, then bubbled vigorously for 30 seconds. One ml. aliquots of this elution broth were plated, with two plates for each point.
EXPERIMENTAL RESULTS
Effect of (NH4)~SOa on T1 SurvivaI.--In order to determine the stability of the phage in the experimental medium, samples of T1 were assayed in 10 -4 ~t and saturated (NH4)2SO4 at intervals up to 14 days, without irradiation. The assays showed that there was a drop in titer from 1.81 )< l0 s on the 1st day, to 4.58 X 107 on the 14th day, in the saturated solution. In the 10 -4 • solution, the inactivation was considerably less. The titer in the latter case dropped from 1.90 X 108 on the 1st day to 6.98 )< 107 on the 14th day. The rate of deterioration calculated in per cent per day is 5.4 for the saturated solution and 4.9 for the 10 -4 M. It is evident that the per cent inactivation for the duration of an experiment was negligible. The controls for all experiments show that for the interval of an experiment the saturated solutions maintained a titer within 95 per cent that of the original, while the less concentrated solutions maintained a slightly higher titer.
Irradiation of T1 in Ammonium Sulfate
Solutions.--The relationship between phage survival and dose, for samples irradiated in concentrated and dilute (NH4)2SO4 and in distilled water, was established. Inspection of the curves in Fig. 2 reveals that there is a progressively greater inactivation with higher doses in both 10 -4 M (NH4)2SO4 and distilled water. This suggests a cumulative action with higher doses of x-rays, which appears to be present to a slight FIG. 1 a. Photograph of tubes used for filter paper adsorption analysis of bacteriophage T1 in varying concentrations of (NH4)2SO4. extent in the case of saturated (NH4)2SO4 also since the rate of inactivation is somewhat more rapid than that expressed by a straight exponential survival curve. This is detectable in Fig. 2 , in which the survival curve for T1 irradiated in saturated (NH4)2SO4 is slightly convex. This is further borne out by calculation of the inactivation dose for T1 in saturated (NH4)2SO4, approximately 25,000 r, as opposed to that in nutrient broth, approximately 85,000 r. A dose of 37,500 r delivered in 3 minutes gave sharply differentiated results, and was used in subsequent experiments.
In this series of experiments, phage was diluted 1:100 in (NH4)~SO4 of molarities ranging from 5 X 10-~ to 4.26 (saturation), and irradiated for 3 minutes (37,500 r). The results of these experiments are listed in Table I, tistical analyses, and are graphed in Fig. 3 . In concentrations of (NH4)2SO4 varying from 5 X 10 --e to 5 X 10 -8 ~, the survival did not differ greatly from that in distilled water. From 5 X 10 "~ M to saturation, there was a 2,000-fold increase in survival, with a leveling off as the concentrations approached saturation.
In order to elucidate to some extent the factors involved in the protection afforded by (NH4)~SO4, the following experiments were performed. Phage was added in 1:100 dilution to tubes of 10 -'4 M (NH4)2SO4 and to saturated (NH4)~-SO4. After 3 minutes, an aliquot of each was irradiated 3 minutes (37,500 r) and plated immediately. Controls were run simultaneously, receiving the same treatment except irradiation. Thus within 6 minutes, the T1 was added, of active phage in the control for that particular day, is shown in Fig. 4 (cf. upper curve). Since the titer of the phage decreased on standing in (NH4)~SO4, it is possible to calculate the fraction surviving irradiation on any particular day relative to the initial control titer. This fraction, N/N~ (N = titer of those surviving irradiation; N~ = titer of controls on initial day), is plotted in the second curve. The change in the shape of the curve is due to the fact that the control titers dropped approximately 5.4 per cent per day for T1 in saturated (NH4)2SO4 for the first 14 days. There was no detectable drop in titer from the 14th to the 28th day. The same procedure was followed for 10 -4 M (NH4)2SO4 and the data are plotted in the lower curves. Control titers for T1 in 10 -4 (NH4),SO4 dropped approximately 4.9 per cent per day for the first 14 days. There was a more rapid decline in titer from the 14th to the 28th day. The significance of the differences in the shape of the survival curves, as a function of time, is considered in the Discussion.
Postirradiation Effects.--In order to test whether the cumulative action noted in Fig. 2 was due to toxic products of irradiation produced in (NH,)2SO4 solutions, 1 ml. of a saturated solution was irradiated 3 minutes, receiving a dose of approximately 37,500 r. Within 15 seconds after the cessation of irradiation, unirradiated phage was added. The phage had been previously diluted 1:100 in saturated (NH4)2SO4. This mixture of irradiated medium and unirradiatedphage was agitated I 1/~ minutes. Aliquots of 0.1 ml. were withdrawn in micropipettes at 2 minutes and at intervals up to 2 hours, as indicated in in Fig. 5 . The same graph shows approximately 10 -s survival after 6 minutes for T1 added to irradiated 10--* M (NH~)2SO4 and to distilled water; no survivors were detected after 7 minutes.
Filter Paper Adsorption.--Adsorption analyses showed that the phage failed to rise in the filter paper in the more concentrated solutions. The average counts for five assays of phage content in 1 cm2 sections of filter paper are given in Table II . Table II are one-tenth of the actual count, because of the dilution factor of 10.
An attempt was made to determine whether any relationship exists between the time required for distilled water, 10 --4 ~ (NH4)~SO4, and saturated (NH4)2-
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SO4 to rise in the filter paper. The counts of phage obtained from the respective sections are given in Table II , while the time required for the solutions to rise in the filter paper is given in Table III . It is noteworthy that the saturated solution rose much more slowly and did not rise beyond the 13th section of the filter paper. This is in accordance with what would be expected, since inorganic salts increase the surface tension of a water solution. DISCUSSION VLruses, we may assume, are hydrophilic micelles, since they possess far greater stability than that normally attributed to hydrophobic systems. If hydrophilic, then, the first layer of molecules of water of hydration is probably so firmly bound to the particles as to be more or less identified with them. Other layers of water molecules, in turn, surround the particle in a roughly orientated pattern, so as to form "water-cushioned" micelles which are mutually protected from flocculation by impact. Such water of hydration adds stability to both charged and uncharged particles in suspension. The addition of very strong solutions of a neutral salt, such as (NH4)2SO4, will normally salt out hydrophilic micelles by a twofold process. A comparatively small amount of the electrolyte discharges the particles; further additions bring about dehy~tration. If the dehydrated particles are in suf~cient concentration to provide the necessary collision frequency, precipitation will result. The data in these experiments indicate that the protection against x-irradiation afforded by the discharge of the particles is probably negligible. Lower concentrations, ordinarily sufficient to cause discharge, afforded no protection, while the range of effectiveness against x-irradiation damage was confined to the higher concentrations and increased to the point of complete saturation.
The probability of flocculation, even on a microscale, appears to be very slight. Assuming that the virus is a sphere 50 m# in diameter, the volume of one particle is 6.55 X 10 -17 cm s. With a density of 1.22 when hydrated, 2 X 106 viruses per ml. of aqueous medium would represent approximately 5 X 10 -n of the total volume. On the supposition that these particles are uniformly distributed in the medium, flocculation becomes a function of their collision frequency, the calculation of which indicates that the particles are so few and of such small size that any flocculation within the time of the experiment would be negligible.
The assumption of uniform distribution of the virus particles is justified in theory by the fact that the density of the virus particles, 1.22, is very close to the density of a saturated solution of (NH4)2SO4, 1.25. Hence there should be even greater uniformity of distribution than when viruses are suspended in distilled water. In the latter case there is no settling out over a period of months. This point was verified experimentally by suspending T1 in a saturated solution of (NH4)2SO4 and assaying periodically for T1 at the top and at the bottom of a 10 cm. column, which was approximately 55 times the depth of the irradiated samples. No differences were detected in these tests.
Assuming that there is free movement of the viruses and that the particles behave like a gas composed of hard spheres, we find that collisions will produce pairs, triplets, quadruplets, etc., the respective probabilities of which are of the order of 105, 10, and 10 -*, at the end of 10 minutes. The mean free path of the particles is of the order of 104 meters, indicating a very remote probability of collision between a significant number of particles within the short time in which the experiments were conducted. This, of course, presumes that every collision will be successful in producing a "permanent" pair, triplet, etc., and does not make any allowances for retarding influences, such as the viscosity of the liquid or the possibility of remaining charge.
Ruling out the probability of flocculation, even on a microscale, as an important factor in protection against x-irradiation in these experiments, we conclude that the protection is accomplished chiefly by dehydration of the virus particles. As the concentration of the neutral salt, whose ions are high in water of hydration, is increased, the water of hydration of the virus particles is proportionately decreased. As the concentration of (NH4)~SO4 approaches saturation, the protection afforded may be accomplished by effectively removing the viruses from the field of action of the decomposition products of irradiated water by the process of dehydration. Whether dehydration provides a barrier between the phage particles and the free radicals and peroxides adequate to explain the degree of protection here reported, is not clear. While reduced diffusion of the products of irradiated water doubtlessly exists, it may not be of the order of magnitude necessary to afford the protection reported here. There remains, therefore, the possibility that the binding of water by (NH4)2SO4 impairs the production of free radicals and peroxides, either qualitatively or quantitatively. It should also be borne in mind that (NH4)~SO4, by some mechanism not yet thoroughly explained, possesses in some circumstances the ability to prevent the denaturation of proteins.
The filter paper adsorption analysis shows that the viruses suspended in different concentrations of (NH4)~SO4 do not traverse the filter paper uniformly. Since the probability of flocculation has been shown to be mathematically improbable, the phenomenon observed remains to be explained. A distinction between salting out which results in flocculation and that which influences the adsorption process without, however, producing precipitation, must be made. This distinction has, indeed, been made by Tiselius (8) who found that the concentration of (NH4)~SO4 which was sufficient to cause almost complete adsorption of egg albumin on silica gel was insufficient to cause precipitation. Tiselius does not offer a solution for the mechanism involved, but it seems plausible that the virus particles, when not adsorbed on the filter paper, are carried up the capillary spaces by their affinity for water of hydration. The par-ticles, then, simply lose their vehicle of transportation when in a solution containing a sufficient number of ions with greater water of hydration than the viral particles.
This conclusion appears to be related to the results of a conductivity test made on the filter paper strips. When the solutions had risen in the filter paper, the strips were cut and placed in distilled water, let stand for 10 minutes, and thoroughly agitated with a glass rod. Tests were made with a Type RC Industrial Instruments conductivity bridge on the eluates of sections from various levels of the filter paper. A similar pattern was evident in both distilled water and 10 --~ (NH4)2SO~; namely, a tendency for the ions to concentrate in the upper parts of the filter paper. On the other hand, in similar tests made on saturated (NH4)~SO4, there was a tendency for the upper portions of the filter paper to show a reduced conductivity. The saturated solution did not climb the filter paper readily, as shown in Table III , and when it did eventually climb, fewer ions climbed with it. Since the water is to a degree bound by hydration of the (NH4)2SO4 ions, a phenomenon related to the power of inorganic ions to raise the surface tension, the explanation of the difference in time required for climbing may lie in the amount of available water which is free to travel along the paper. The virus, however, tends to concentrate in the lower sections. In line with the above explanation, the virus apparently exhibits greater affinity for the filter paper than for the water, and this affinity increases with the degree of dehydration (of. Table II ).
In conclusion, it appears that the movement of the viruses along the filter paper is a function of their degree of dehydration under the conditions of these experiments.
The significant results obtained by placing unirradiated phage into irradiated medium make the conclusion rather obvious that the protection afforded by (NH4)2S04 is chiefly against the indirect effects of the irradiated medium and is operative both during and after the irradiation period. Investigations are in progress to test the distinction made between indirect effects produced during irradiation and indirect effects produced after irradiation (10) .
The increased resistance to x-rays after standing in concentrated (NH4)2SO4, as shown in Fig. 5 (of. upper curves) , may be due to one or more of several factors, such as (1) increased flocculation, (2) survival of the more resistant phage upon standing in concentrated (NH4)2SO4, and (3) continued dehydration with time. The probability of flocculation has been shown to be extremely small. Moreover, if flocculation were responsible for the protection against x-rays, it should have been negligible after a few minutes and considerable after a few days. Actually, the protection was considerable after a few minutes, while the net change after 14 days was small. The phenomenon of increased relative survival, moreover, does not occur in 10 --4 ~ (NH4)2SO4; in fact, the relative survival after irradiation decreased with time in this case.
Since results indicate that the factor operating in this instance acts oppositely in the two solutions, greater resistance of the phage in question does not seem to explain the phenomenon, because the phage of greater resistance would occur in both solutions. Standing in the dilute solution not only decreased the titer but also decreased the ability of the phage to withstand irradiation.
Although standing in saturated (NH4)2SO4 decreased the titer, and perhaps also the ability of the phage to withstand irradiation, still another factor, presumably dehydration, was able to increase the survival after irradiation and to obscure the former. The results of experimentation by the senior author (unpublished results) with drying phage in vacuo are in harmony with this view.
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SUMMARY
Protection of bacteriophage T1 against x-rays was tested in the presence of concentrations of (NI-I4)~S04 ranging from 10 4 ~ to saturation (4.26 ~). Survival of T1 in concentrations of 10 -6 to 10-3 ~r after irradiation did not differ significantly, from survival in distilled water after irradiation. From 10-8 ~ to 10-1 x~ there was a steep rise in survival, with a leveling off as the concentration approached saturation, giving over-all a 2,000-fold increase in survival. The mechanism of salting out protection in these experiments is apparently due chiefly to dehydration, which protects the virus particles against the indirect effects of x-irradiation.
Postirradiation effects, tested by the inactivation of phage added to irradiated media, approach in magnitude the effects obtained by irradiation of the phage particles themselves in the various solutions.
Filter paper adsorption analyses indicate a close correlation between concentrations of (NH4)~SO,, ability of the filter paper to adsorb phage, and protection against x-rays, both during and after irradiation.
